Mice are the preferred mammalian species for genetic investigations of the role of proteins. The normal function of the prion protein (PrP) is unknown, although it plays a major role in the prion diseases, including fatal familial insomnia. We investigated its role in sleep and sleep regulation by comparing baseline recordings and the effects of sleep deprivation in PrP knockout mice (129/SV) and wild-type controls (129/SV ϫ C57BL/6), which are the mice used for most gene targeting experiments and whose behavior is not well characterized. Although no difference was evident in the amount of vigilance states, the null mice exhibited a larger degree of sleep fragmentation than the wild-type with almost double the amount of short waking episodes. As in other rodents, cortical temperature closely reflected the time course of waking. The increase of slow-wave activity (SWA; mean EEG power density in the 0.25-4.0 Hz range) at waking to nonrapid eye movement (NREM) sleep transitions was faster and reached a lower level in the null mice than in the wild-type. The contribution of the lower frequencies (0.25-5.0 Hz) to the spectrum was smaller than in other rodents in all three vigilance states, and the distinction between NREM sleep and REM sleep was most marked in the theta band. After the sleep deprivation, SWA was increased, but the changes in EEG power density and SWA were more prominent and lasted longer in the PrP-null mice. Our results suggest that PrP plays a role in promoting sleep continuity.
The genetic factors determining sleep are still unresolved, although in mice several sleep variables appear to be inherited (Valatx et al., 1972 (Valatx et al., , 1980 Friedman, 1974; Valatx and Bugat, 1974; Cespuglio et al., 1975) . Gene targeting allows a selective approach to investigate inheritance (Capecci, 1994) and is usually performed in the inbred mouse strain "129" backcrossed with C57BL (Gerlai, 1996) . The behavior of the mouse strains and their hybrids, including sleep, needs to be characterized (Crawley, 1996) to provide a basis for the investigation of sleep in mice subjected to gene targeting.
Prion protein (PrP) gene mutations lead to prion diseases including fatal familial insomnia (FFI) (Lugaresi et al., 1986; Goldfarb et al., 1991; Galassi et al., 1992; Medori et al., 1992; Monari et al., 1994; Aguzzi and Weissmann, 1996) . In FFI, there is a severe reduction of sleep, a gradual disappearance of spindle activity in the sleep EEG Reder et al., 1995; Sforza et al., 1995) , and a disruption of hormone rhythms (Portaluppi et al., 1994 (Portaluppi et al., , 1995 Montagna et al., 1995) . The main neurological features include hypometabolism, loss of neurons, and astrogliosis, with the first and most severe neuropathology appearing in the thalamus . Thus, PrP may be important for sleep regulation, because the thalamus is implicated in the regulation of sleep spindles and EEG slow waves (Steriade et al., 1993) . PrP is a glycoprotein localized on neuronal membranes and in astrocytes (Collinge et al., 1994; Moser et al., 1995) that may promote neuronal cell differentiation and maintain neuronal function (Clinton et al., 1993) , but its function is not yet understood (Estibeiro, 1996) . There are indications that the loss of the natural PrP function may be responsible for the pathology in prion diseases .
The investigation of the prion diseases and the normal function of PrP involved the generation of mice devoid of PrP (for review, see Prusiner, 1991 Prusiner, , 1996 Weissmann, 1996) . They exhibited no abnormal behavior or learning ability (Büeler et al., 1992; Manson et al., 1994) , although ataxia and loss of Purkinje cells have been observed in older mice with a larger deletion (Sakaguchi et al., 1996) . Moreover, PrP may be necessary for synaptic function and sleep and rhythm regulation, because long-term potentiation was impaired (Collinge et al., 1994; Manson et al., 1995; Whittington et al., 1995) , the period of circadian motor activity was more stabilized, and sleep fragmentation and the response to sleep deprivation (SDEP) were more prominent in PrP-null mice .
Our purpose was to compare in detail sleep in the hybrid mouse strain used for the deletion, with the PrP-deficient mice. Because SDEP has served to uncover differences in sleep regulation between species (Tobler, 1995) , the effects of SDEP on the two genotypes were compared.
MATERIALS AND METHODS
Animals. Adult mice devoid of prion protein (Prn-p 0/0 ) (Büeler et al., 1992) and wild-type controls (Prn-p ϩ/ϩ ; inbred strains C57BL-6J/ 129SV), mean age 80.6 Ϯ 4.3 d (SEM) and weighing 26.69 Ϯ 0.93 gm at the onset of recordings, served as experimental animals. Both genotypes had a genetic background derived from two inbred mouse strains, 129/SV (ev) backcrossed with C57BL/6J (Bühler et al., 1992).
In addition, three mice transgenic for the PrP protein (TG) were recorded. For their generation, a PrP minigene comprising 5.5 kb of the PrP promotor, exon 1, intron 1, exon 2, exon 3, and 2.3 kb of a 3Ј-nontranscribed sequence was constructed and introduced into the germline of a Prn-p ϩ/0 mouse. Breeding with Prn-p 0/0 mice gave rise to transgenic mice that were TG ϩ/0 ;Prn-p 0/0 (line20) . The mice were individually kept in Macrolon cages (36 ϫ 20 ϫ 35 cm) and placed in sound-attenuated chambers. Food and water were available ad libitum. The animals were maintained under a 12 hr light/dark cycle (light from 10:00 A.M. to 10:00 P.M.; daylight-type fluorescent tubes, 18 W, ϳ150 lux 5 cm above the floor level). The animals were adapted to these conditions for a minimum of 3 weeks before the experiment. Mean values of ambient temperature continuously recorded for 4 sec epochs in two of the four boxes was in the range of 21.8 -22.4ЊC during the three recording days.
Surgery. EEG and EMG electrodes and an epidural thermistor were implanted under deep anesthesia (50 mg/kg pentobarbital sodium, i.p.). Two gold-plated, round-tipped miniature screws ( ϭ 1.19 mm) served as EEG electrodes and were screwed through the skull onto the dura over the right cortex (2.0 mm lateral to the midline, 3.5 mm posterior to bregma) and the cerebellum (at the midline, 1.5 mm posterior to lambda). Two entwined wires ( ϭ 0.2 mm) were inserted into the neck muscle tissue to record the EMG. A thermistor (Thermometrics, P20, R (25ЊC) ϭ 1 k⍀, I CONST. ϭ 1 mA, maximum ϭ 0.5 mm) inserted between the skull and dura through a hole in the skull over the left frontal cortex (the tip lying over the occipital cortex) was used to measure cortical temperature (T CRT ). The electrodes and the thermistor were anchored to the skull with dental cement.
Experimental protocol and data acquisition. The mice were connected to counterbalanced recording leads for habituation at least 8 d before the experiment. Three consecutive 24 hr recordings of the EEG, EMG, and T CRT were obtained. The first 2 d served as baseline (1 Prn-p ϩ/ϩ mouse was recorded for 1 baseline only), and on day 3 the mice were subjected to 6 hr SDEP and recorded for the remaining 18 hr. Sleep deprivation began at light onset and was attained by disturbing the animals acoustically and by introducing objects into the cage whenever the animals looked drowsy, attempted to engage in a sleeping posture, or the EEG showed signs of low-frequency activity. The EEG and EMG signals were amplified (amplification factor ϳ 2000), conditioned by analog filters (high-pass filter: Ϫ3 dB at 0.016 Hz; low-pass filter: Ϫ3 dB at 40 Hz; less than Ϫ35 dB at 128 Hz), sampled with 256 Hz, digitally filtered (EEG: low-pass filter FIR filter 25 Hz; EMG: band-pass FIR filter 20 -50 Hz), stored with a resolution of 128 Hz, and displayed on a PC monitor. Subsequently, EEG power spectra were computed for consecutive 4 sec epochs by an FFT routine within the frequency range of 0.25-25.0 Hz (between 0.25 and 5.0 Hz, the values were collapsed into 0.5 Hz bins, between 5.25 and 25.0 Hz into 1 Hz bins). The amplified EMG signal was AD-converted, full-wave-rectified, and integrated over 4 sec epochs. T CRT and the ambient temperature inside the chambers were recorded at 4 sec intervals. All data were recorded simultaneously and stored on optical disks. Before the beginning of the recordings, a calibration signal (10 Hz sine wave, 300 V PP ) was recorded on the EEG channels.
Vigilance states and analysis. The vigilance states were determined as follows. For each epoch, the EEG power density in the delta (0.75-4.0 Hz) and theta band (6.25-9.0 Hz), the integrated EMG value, and T CRT were displayed on a PC monitor. Three vigilance states-(1) waking (high EMG and low EEG amplitude and high theta activity concomitant with highest EMG values), (2) NREM sleep (low EMG and high EEG amplitude, high delta activity), and (3) REM sleep (low EMG and low EEG amplitude, high theta activity)-were determined for 4 sec and the scores were entered into the PC via the keyboard. Epochs the vigilance state of which could not be identified, and epochs containing two different vigilance states within a 4 sec epoch, were given the score of the predominant state but not used for spectral analysis (0.18 Ϯ 0.05%). Epochs containing EEG artifacts were marked and omitted from further analysis of the power spectra (6.55 Ϯ 0.91% of total recording time). The vigilance states were expressed as a percentage of artifact-free recording time.
To allow the comparison of the duration and frequency of episodes with other rodents, the same minimal interruption criteria were applied as used previously for the rat and Djungarian hamster (Franken et al., 1991; Deboer et al., 1994) . The algorithm is based on the frequency and the duration of episode interruptions.
Differences between the baselines and between baseline 2 and recovery from SDEP were compared by t tests. Overall effects on the 2 hr mean values within a genotype were analyzed by two-way ANOVA with the factors Time (2 hr intervals) and Condition (baseline 2 vs recovery). Whenever significant effects were present, contrasts were assessed by t tests. The 2 hr spectral values of the recovery day were expressed for each individual relative to the corresponding 2 hr reference value of baseline 2, and statistics were performed after log transformation. Comparisons between Prn-p ϩ/ϩ and Prn-p 0/0 were performed by post hoc t tests and Bonferroni corrections for multiple tests if significance was reached in an ANOVA for the factor Genotype or interaction Genotype ϫ Interval. To avoid multiple tests, the 2 hr intervals and the 30 frequency bins were comprised to 6 or 12 hr values and three frequency bands, respectively.
RESULTS

Baseline vigilance states, T CRT , and slow-wave activity
All mice exhibited a marked diurnal preference for sleep (Figs. 1, 2; Table 1 ), and no significant difference was found between baseline 1 and 2 within either genotype. The mice spent ϳ70% of the light period in sleep, and a considerable amount occurred also in the dark period (30%). The Prn-p 0/0 mice did not differ from the wild-type in the 24 hr values of the baseline vigilance states (Table 1, Fig. 2 ), with the exception of a higher value for REM sleep per total sleep time (TST) in the Prn-p 0/0 mice (Table 1) . A difference in the distribution of waking and NREM sleep was apparent only in the second half of the dark period, in which waking was more prominent and NREM sleep lower in the Prn-p 0/0 mice in both baselines (Fig. 2 , Table 2 ). REM sleep was more abundant in the first half of the dark period in the null mice. In all mice, REMS/ TST exhibited a minor, significant increase in the course of the light period (data not shown).
Slow-wave activity (SWA) encompasses the frequency band between 0.75 and 4.0 Hz and is computed within NREM sleep, because in this vigilance state slow waves are most prominent in mammals (Tobler, 1995) . SWA in NREM sleep decreased progressively in the course of the 12 hr light period and increased in the dark, where most values were higher than in the light (Fig. 2 ). In the wild-type mice, a decrease of SWA began already in the second half of the dark period, reflecting the differences in waking and NREM sleep between the genotypes in this interval. The larger amount of NREM sleep in the wild-type mice allowed an earlier dissipation of SWA, compared to the null mice, which were awake more.
T CRT largely reflected the time course of waking, reaching its peak value at dark onset (Figs. 1, 2; Table 2 ). The only difference in T CRT between the genotypes was a significantly higher T CRT in the second half of the dark period in the null mice, which corresponds to their larger amount of waking in that interval ( Table 2) . The difference in T CRT between the genotypes remained when T CRT was determined for waking alone ( p Ͻ 0.05, two-tailed t test), indicating that the null mice may also have been more active during this interval.
Because we had found previously a marked difference between the genotypes in the amount of brief awakenings , we analyzed this aspect of sleep in more detail (Fig. 3 , Table 3 ). The 12 hr values revealed that within both the light and the dark periods of the baselines waking episodes shorter than 4, 8, and 16 sec invariably were significantly more prominent in the null mice. The episode histogram of the frequency of the three vigilance states illustrates that the Prn-p ϩ/ϩ mice exhibited less brief waking episodes lasting 4 sec and less brief NREM sleep episodes of 32-124 sec, concomitant with a higher amount of longer NREM sleep episodes. The analysis of the 24 hr time course of brief waking episodes Ͻ 16 sec showed that the brief awakenings were consistently more abundant in the Prn-p 0/0 than in the Prn-p ϩ/ϩ mice throughout the entire recording (data not shown). Although there were no LD differences in episode duration, the frequency of NREM sleep and REM sleep episodes was significantly lower in the dark period compared with the light period in both genotypes. However, there were differences between the genotypes. Thus, REM sleep episodes were more abundant (episodes per hr: Prn-p 0/0 , 4.3 Ϯ 0.6; Prn-p ϩ/ϩ , 2.6 Ϯ 0.5; p Ͻ 0.05, two-tailed t test) and REM sleep and NREM sleep episode duration was shorter in the dark period in the Prn-p 0/0 mice (REM sleep: Prn-p 0/0 , 0.9 Ϯ 0.1 min; Prn-p ϩ/ϩ , 1.2 Ϯ 0.1 min; NREM sleep: 5.8 Ϯ 0.5 min, 7.6 Ϯ 0.6 min, respectively; p Ͻ 0.05, two-tailed t test).
Time course of SWA within NREM sleep episodes
The time course of SWA within NREM sleep episodes may reflect the dynamics underlying the generation of SWA. If the normal Brief awakenings are expressed per hour of total sleep time. Values are 12 hr means Ϯ SEM (n ϭ 8, except baseline, 1 Prn-p ϩ/ϩ , n ϭ 7). No significant differences between the light and the dark period (baseline 1 and 2) and between baseline 2 and recovery after 6 hr sleep deprivation were present. Comparison of baselines between Prn-p ϩ/ϩ and Prn-p 0/0 , *p Ͻ 0.02, two-tailed t test.
prion protein were involved in the thalamocortical generation of SWA, the null mice would be expected to attain less SWA than the wild-type mice or to reach the maximum more slowly. For the analysis of SWA within NREM sleep, all NREM sleep episodes Ͼ 4 min within baseline 2 were pooled for each mouse. Statistical comparisons were performed on the mean values of the last minute before the waking-to-NREM sleep transition and for 4 min after the transition. The null mice reached the highest SWA value significantly faster than the wild-type mice (Fig. 4) . Thus, the time course of the SWA increase differed significantly between the genotypes for the first minute after the transition, whereas they did not differ in the minute before the transition. Moreover, when SWA was expressed as percentage of the first 4 sec NREM sleep epoch after the transition within each genotype, the SWA values attained after 4 min were as follows: 151.0 Ϯ 5.5% for Prn-p ϩ/ϩ and 101.3 Ϯ 3.7% for Prn-p 0/0 ( p Ͻ 0.05, two-tailed t test).
Baseline EEG power spectra
The absolute EEG power density values (0.25-25.0 Hz) computed for each of the three vigilance states (pooled values of the two baselines) did not differ significantly between the two genotypes (data not shown). Clear differences were seen in the EEG power spectra between the three vigilance states within each genotype (Fig. 5) . Thus, NREM sleep exhibited higher values than both REM sleep and waking in the 0.5-4.0 Hz band, whereas REM sleep values in the theta band (6.25-9.0 Hz) were above those in NREM sleep and waking in both phenotypes. Moreover, NREM sleep power density was above the values of both waking and REM sleep in a broad frequency band (11.25-25 Hz) in the null mice, whereas this difference was not significant in the wild-type.
The dynamics of the EEG power spectrum in NREM sleep in the course of the light period is illustrated in a broad frequency range (0.5-25 Hz) for consecutive 2 hr intervals. EEG power density showed a decreasing trend in the low frequencies (0.25-4.5 Hz) in the null mice, whereas only one bin in this range reached significance in the wild-type ( Fig. 7, top; ANOVA factor "2 hr interval"). In contrast, most frequencies above ϳ7 Hz increased progressively in the course of the light period in both genotypes, reaching a maximum in the last 2 hr interval of the light period.
Effects of sleep deprivation
No difference was found in the effect of SDEP on the vigilance states between the wild-type and null mice. After SDEP, NREM sleep showed a minor, significant increase in the first 2 hr in the wild-type, but the 6 hr interval did not differ between the genotypes (Fig. 6 , Table 2 ). Also, SWA was significantly enhanced above baseline and decreased progressively, but the magnitude of the increase differed significantly between Prn-p ϩ/ϩ and Prn-p 0/0 (ANOVA "genotype" for the three 6 hr recovery intervals vs baseline 2; p Ͻ 0.02). The increase of SWA in all three 6 hr recovery intervals was significantly larger in the null mice ( p Ͻ 0.04, two-tailed t test). These differences were not attributable to differences between the genotypes during the deprivation because the amount of NREM sleep the mice obtained during the deprivation was similar (Prn-p ϩ/ϩ : 3.0 Ϯ 0.9%; Prn-p 0/0 : 2.4 Ϯ 0.5%). Furthermore, the minimum criterion of 6 min NREM sleep per 2 hr interval of SDEP to compute SWA reliably was not attained by either genotype.
T CRT was above baseline during the SDEP in both genotypes, and in the Prn-p 0/0 it remained above baseline in the first 2 hr recovery interval (Table 2, Fig. 6 ).
In the first 2 hr after SDEP, a significant increase of EEG power density was observed in the three frequency bands-delta, beta, and sigma-in both genotypes (Fig. 7) . In the wild-type, a gradual decrease and a narrowing of the frequencies in the low-frequency range were observed in the course of the recovery, whereas in the null mice the highest values in the low frequencies were present in interval 1, followed by a decrease from interval 1 to 2. In interval 3, the values were still above baseline in the low-and highfrequency band in both genotypes.
Transgenic mice
The differences between the PrP-null mice and wild-type mice could indicate a specific role for the prion protein in sleep, or the differences may stem from the different genetic background of the mice (Gerlai, 1996) . The recording of transgenic mice, in which the prion gene has been reintroduced into the genome of null mice and thereby expression of prion protein is reestablished, allowed us to investigate whether the reintroduction of PrP would also restore the sleep characteristics of the wild-type mice. The results show that the transgenic mice were more similar to the wild-type than to the null mice both in sleep fragmentation and in the response to SDEP. Thus, the number of brief awakenings (Ͻ16 sec) per hr total sleep time in the transgenic mice was as follows: 12 hr baseline, 17.6 Ϯ 6.1; 6 hr recovery, 19.5 Ϯ 8.3 (PrP ϩ/ϩ : 17.5 Ϯ 1.5 and 16.7 Ϯ 2.7; PrP 0/0 : 33.1 Ϯ 4.0 and 30.4 Ϯ 3.1). SWA was increased by 9.9 Ϯ 10.2% in the first 2 hr interval after SDEP compared to the first 2 hr interval of baseline. The corresponding values were as follows: Prn-p ϩ/ϩ , 23.9 Ϯ 4.3%; Prn-p 0/0 , 41.1 Ϯ 5.7%. The mean values Ϯ SEM of NREM sleep and REM sleep for the 12 hr light period in the transgenic mice were 42.0 Ϯ 2.2% and 12.6 Ϯ 1.0% of recording time, respectively (n ϭ 3). The amount of NREM sleep during the 6 hr recovery interval was increased (50.9 Ϯ 1.5%) compared to the corresponding 6 hr baseline value (37.0 Ϯ 2.3%). 
DISCUSSION
The comparison of knockout mice lacking the prion protein with the corresponding wild-type controls showed a remarkably similar daily amount of NREM sleep and REM sleep that was comparable to previous studies (Mitler et al., 1973 (Mitler et al., , 1977 Oliverio and Malorni, 1979; Faradji et al., 1980; Ibuka et al., 1980; Dazuta et al., 1983; Richardson et al., 1985; Edgar et al., 1991; Fang et al., 1995 Fang et al., , 1996 . The genotypes did differ in the distribution of NREM sleep in the dark period, which was reflected also in the time course of waking and in T CRT . The use of a running wheel increased total sleep time and enhanced the amplitude of the circadian sleep-wake rhythm (Welsh et al., 1988) , but our mice were not provided with running wheels; thus, the nocturnal sleep patterns were not a consequence of different running wheel activity.
Mice are similar to other rodents in that they exhibit little quiet wakefulness, and the activity during waking results in high T CRT . Thus, the curves for waking and T CRT were similar, as has been observed in the rat and the Djungarian hamster (Franken et al., 1992; Deboer et al., 1994) .
A remarkable difference between the two genotypes was the larger sleep fragmentation encountered in the PrP 0/0 mice. The 4 sec episodes included events that were equal to or shorter than 4 sec. Such events were not necessarily accompanied by a behavioral change, and their significance is unknown. Their occurrence was almost double in the null mice irrespective of their duration (4 -16 sec), reflecting a diminished capacity to sustain NREM sleep but not REM sleep. The build-up of SWA within a NREM sleep episode was not affected by an interruption of NREM sleep by a waking episode Ͻ 8 sec in the rat (Trachsel et al., 1988) . Moreover, the number of brief awakenings correlated negatively with the amount of SWA, reflecting a behavioral measure of sleep intensity (rat: Franken et al., 1991; Tobler et al., 1994; guinea pig: Tobler and Franken, 1993) . The build-up of SWA within NREM sleep was unhindered by the larger amount of brief awakenings in the null mice, because it was faster than in the wild-type.
The analysis of the EEG power spectrum revealed a remarkable difference between the mice and other mammals in the lower frequencies. The relative contribution of slow waves to the spectrum, and especially to NREM sleep, is much smaller compared to other species (rat: Borbély et al., 1984; Djungarian hamster: Deboer et al., 1994; Syrian hamster: Tobler and Jaggi, 1987; rabbit: Tobler et al., 1990) , which makes it more difficult to distinguish the vigilance states. Slow waves and sleep spindles are closely related to cellular changes in the thalamic . SWA is expressed as 95% of mean 24 hr value (ϭ100%). Triangles indicate significant differences within a genotype between recovery and baseline ( p Ͻ 0.05; two-tailed t test, after Bonferroni correction). For the vigilance states and SWA, the 2 hr recovery intervals of the light period were compared with consecutive intervals of baseline beginning with lights on. For T CRT , all intervals were compared with baseline intervals corresponding to the time of day. and cortical neurons (Steriade et al., 1993 (Steriade et al., , 1994 ), but it is not known which cellular characteristics are responsible for the changes in the amount or amplitude of slow waves. It is possible that the cortical layer of the mice lacks the capacity to produce a substantial amount of slow waves. This notion is confirmed by the relatively similar, low values of absolute EEG power in mice and the Djungarian hamster, another small rodent , compared to the rat. However, despite this similarity, SWA in the Djungarian hamster (Deboer et al., 1994) and the Syrian hamster (Tobler and Jaggi, 1987 ) is more prominent than in the mice in all vigilance states and is in this respect more similar to the rat (Borbély et al., 1984) . The most Figure 7 . Time course of EEG power density in NREM sleep. Top, Light period of baseline 2 (six 2 hr intervals; 1-6 ). Bottom, Light period after sleep deprivation (three 2 hr intervals; 1-3) for the Prn-p ϩ/ϩ and Prn-p 0/0 mice. The curves connect geometric means of relative EEG power density for consecutive 2 hr intervals (n ϭ 8 for each genotype). Values are plotted at the upper limit of each bin. The baseline data are expressed relative to the first 2 hr interval of the light period (ϭ100%). Consecutive 2 hr intervals of recovery are expressed relative to the first three consecutive 2 hr intervals of the light period of Baseline 2 (ϭ100%). Lines below the abscissa indicate frequency bands that differed significantly from 100% ( p Ͻ 0.05, top, one-way ANOVA "2 hr intervals"; bottom, frequency bands: 0.5-4.0, 6.25-9.0, 11.25-25 Hz; two-tailed t test).
distinctive feature discriminating NREM sleep from REM sleep was the prominent theta band peak in REM sleep, which was absent in NREM sleep.
Overall, the differences in the EEG power spectra between the vigilance states were similar in the null mice and the wild-type. Because mice strains differ in the occurrence of spindles in NREM sleep (Valatx et al., 1972; Valatx and Bugat, 1974) , and spindles are more prominent in a frontal or sensorimotor derivation than in the parietal or occipital region (rat: Terrier and Gottesmann, 1978; cat: Ursin and Sterman, 1981) , comparisons of the EEG spectra derived from different electrode localizations are necessary to resolve the problem whether spindle activity is affected by the absence of PrP.
There is a large body of literature demonstrating that sleep is regulated as a function of prior wakefulness (human: Borbély et al., 1981; Achermann et al., 1993; Borbély 1994; rat: Tobler and Borbély, 1986, 1990) . In particular, SWA is used as an index for sleep intensity (Borbély et al., 1981; Franken et al., 1991) . This is supported by the higher arousal threshold when SWA is high in the rat (Nekelmann and Ursin, 1993) . SWA closely reflected the previous sleep-waking history in both mouse genotypes. Because the mice differed in the distribution of sleep and waking in the dark period, it was not surprising that SWA also differed in its time course: the earlier SWA decrease in the dark period in the wild-type mice was attributable to the earlier occurrence of sleep in the later part of the dark period, which allowed the dissipation of SWA. This difference was seen also in the more prominent decrease of EEG power density in the lower frequencies in the null mice. Furthermore, the effects of 6 hr SDEP were evident in the increase of SWA at the beginning of recovery sleep in both genotypes. Thus, also in mice sleep appears to be regulated as a function of prior wakefulness.
A remarkable difference was the larger increase of SWA after SDEP in the Prn-p 0/0 mice than in the wild-type mice. It is consistent with the more prominent sleep fragmentation encountered in the Prn-p 0/0 mice. We suggest the following explanation: the null mice have a low sleep pressure, which leads to (1) more frequent interruptions of sleep, and (2) low amounts of SWA. This interpretation is supported by the lower amount of SWA reached within NREM sleep episodes in the null mice. As a consequence, the propensity for SWA can increase more during SDEP in these mice. This notion is consistent with the findings in humans, in which habitual long sleepers displayed a larger increase in SWA after SDEP than habitual short sleepers (Aeschbach et al., 1996) . It was concluded that the short sleepers live at a higher SWA pressure and, therefore, that SDEP cannot enhance SWA to the same extent as in the long sleepers. Because TST in the mice was not different, it is possible that cellular mechanisms responsible for the increase of SWA are affected by the lack of PrP. The absence of PrP, therefore, seems to affect sleep via two mechanisms that may be interrelated: (1) a decrease in sleep pressure, and (2) a diminished capacity to sustain NREM sleep. In addition, the faster increase of SWA at the transitions from waking to NREM sleep in the null mice may reflect a difference in the underlying cellular mechanisms leading to this transition because of the lack of PrP.
The SWA increase after SDEP was relatively small in both genotypes (20 and 40%). To investigate whether the larger response to SDEP was merely a consequence of the larger amount of waking preceding the SDEP in the Prn-p 0/0 mice, correlations of the initial SWA increase after SDEP with the amount of wakefulness in the second half of the dark period preceding SDEP were computed. No difference in the correlation coefficients was found between the genotypes (data not shown). Furthermore, the initial SWA values before the SDEP did not differ. This raises the question why 6 hr of wakefulness did not elicit a similar degree of compensation as in other rodents. The NREM sleep and REM sleep increase does indicate that sleep pressure was enhanced by the deprivation. Moreover, the progressive decrease and the narrowing of the lower-frequency band are indications for a recovery process. It should be noted that the mice, in contrast to all other rodents previously recorded, can exhibit spontaneous bouts of waking (even in the absence of running wheels) that may last up to 6 hr. It is intriguing that such a small species has the capacity to remain spontaneously awake for so long. Thus, it appears that the relatively small increase of SWA after SDEP is a reflection of limitations at the cellular level. Studies prolonging SDEP are needed to clarify further the SWA dynamics in mice.
Thus, several differences were found between the genotypes that may be related to the absence of PrP. It is important to note that only a fine analysis of the vigilance states and the imposition of an SDEP revealed differences between the genotypes that otherwise may have gone unnoticed. The transgenic mice were more similar to the wild-type than to the null mice in sleep fragmentation and in the response to SDEP, indicating that the phenotype was rescued by the insertion of PrP in null mice. More extensive studies in transgenic mice and in other genotypes are needed to investigate whether genes adjacent to the PrP gene exerted a modulating effect.
The prion protein is a well conserved protein present in many mammalian species (Westaway and Prusiner, 1986) , with a large degree of homology between species (Krakauer et al., 1996) ; therefore, it may have a very basic biological function. Sleep and circadian rhythms are extremely basic functions of all mammals. The detailed analysis of sleep in the two mice genotypes supports our previous notion that the prion protein may be involved not only in the regulation of circadian motor activity but also in the maintenance of sleep continuity and its regulation after sleep deprivation .
